The corrosion rate of rebar during the various stages where it occurs, such as passivation, initiation of corrosion and severe corrosion, needs to be determined non-destructively for the maintenance, restoration and replacement of concrete structures. The double layer capacitance (C dl ) and the charge transfer resistance or polarisation resistance (R p ) of the corrosion processes have been associated with the slope of the low-frequency arc in the Nyquist plot, and this can be related to the electrochemical phenomenon that occurs at the steel-concrete interface. The present studies, based on electrochemical impedance spectroscopy (EIS) conducted on three different densities of concrete with addition of 0 . 5 and 1% chloride over a period of 1765 days, reveal that the capacitive behaviour of a lowfrequency arc with a slope more than À1 indicates the passive condition of rebar. Warburg diffusion behaviour with a slope exactly equal to À1 denotes the initiation of corrosion on the rebar. A slope of less than À1 is obtained when corrosion spreads uniformly on the rebar. Other electrochemical parameters such as R p , C dl and phase angle are correlated with the phenomenon occurring at the steel-concrete interface. An R p value greater than 250 kÙ cm 2 indicates the passive condition of rebar, whereas values of less than 230 and 14 kÙ cm 2 indicate initiation and severe corrosion of the rebar respectively. Similarly, a C dl value greater than 1000 ìF/cm 2 indicates the severe corrosion of rebar, whereas less than 100 ìF/cm 2 denotes the passive condition of rebar. If the rebar is in the passive condition, the phase angle is more than 308, whereas it is less than 208 under severe corrosion. The reduction of intrinsic chloride diffusivity owing to pore restructuring by pozzolanic reaction and adsorption of a greater amount of chloride ions into the interlayer of additional calcium silicate hydrate content are responsible for delayed initiation of corrosion in Portland pozzolana cement (PPC) and Portland slag cement (PSC) concretes, when compared with ordinary Portland cement (OPC) concrete.
Introduction
Reinforced concrete is a composite material made of an active metal, namely rebar, and a non-metallic material -that is, concrete. Concrete behaves like an unpredictable electrolyte and the rebar encased by it is inaccessible during service. Periodic inspection is necessary, especially for structures in highly aggressive environments, as a risk-prevention strategy. The passive/ active condition of rebar is determined using potential and resistivity measurements non-destructively. The threshold potential value of À276 mV versus saturated calomel electrode (SCE) as specified in ASTM C876 (ASTM, 2001a ) is taken as initiation of corrosion and this criterion is widely used both in laboratory and field conditions because it is simple and well established. The presence of moisture, oxygen availability and the resistance of the cover concrete all influence the measured potential values, which are different from the actual values. Sometimes this can be misleading when interpreting the results, particularly when the concrete is under very dry or wet conditions. Arup (1983) reported that variations of potential values are so broad that confusion between the passive and active states would be possible in many situations. For example, when the rebar is under the passive state, the potential may vary from +200 mV to À700 mV versus SCE, while in concrete with limited oxygen access, the potential can be shifted to around À1000 mV versus SCE. Permanently installed embeddable reference electrodes such as manganese dioxide (MnO 2 ), silver/silver chloride (Ag/AgCl), mercury/mercury (II) oxide (Hg/HgO) etc., kept close to the reinforcement eliminate the difficulties described above (Arup and Sorenson, 1992; Bennett and Amitchell, 1992; Dolli et al., 2003; Villela et al., 2004) . The stability of these reference electrodes is questionable, however, as they are affected by changes in moisture, oxygen, chloride level and pH of the concrete more directly and it is reported that the drifts may be up to 60 mV (Videm, 1998) . Surface potential measurements using two reference electrodes are also used for nondestructive testing to identify anodic and cathodic regions in a concrete structure and, indirectly, to detect the corrosion of rebar qualitatively (Florr and Keith, 1965; Rengaswamy et al., 1987; Stratfull, 1957) . It is generally accepted that the potential measurements must be supplemented using other methods as well.
During any corrosion process, the corrosion current has to flow from the site of the anode to the cathode through the electrolyte and the resistivity of the concrete has an influence on the flow of this current. Higher electrical resistance can impede the flow of such currents and hence, depending upon the resistivity of the concrete, the corrosion process can be stifled or accelerated. Some researchers (Gonzalez et al., 2004; Morris et al., 2002) have correlated the resistivity of the concrete with the corrosion current (i corr ) qualitatively. If the resistivity of the concrete is greater than 100 kÙ cm then there will be only negligible i corr , but if the resistivity is less than 20 kÙ cm then there will be very high i corr , which leads to cracking of cover concrete (Andrade et al., 1993; Gonzalez et al., 2004; Grimes et al., 1979) . When using these criteria, the variations in the wetness of the concrete are much greater, and therefore the variations in the resistivity values can differ by a factor of 4. Both the potential and resistivity measurements give only qualitative data on the status of the rebar.
The quantitative measurement of i corr of the rebar based on the linear polarisation resistance (LPR) method is the best complementary electrochemical technique used by various researchers (Andrade et al., 2002; Bulu and Bhattarcharjee, 2009; Feliu et al., 1989; Flis et al., 1993; Grantham and Broomfield, 1997; Lawa et al., 2004; Zivica, 2001) . If quantitative data have to be obtained then it is necessary to polarise the steel rebar. The polarisation is influenced to a greater or lesser degree by the presence of diffusion polarisation. The LPR method cannot separate the contributions of the various electrochemical processes involved, such as charge transfer resistance, concentration polarisation, interfacial layers or ohmic resistance of the concrete. Additionally, in the experimental methods, for example in the potentiodynamic method, the large and unpredictable pseudo capacitance of the steel in concrete causes a charging current that overshadows the Faraday current. On the other hand, if the LPR measurement is carried out using the potentiostatic method, a longer waiting period leads to a current that decreases with time, so that, in turn, R p is dependent on the test time. None of the above methods can predict the electrochemical phenomenon that occurs at the steel-concrete interface accurately. Thus any measurement technique should take into account the inaccessibility of the steel and the space/time variations that occur at the rebar-concrete interface.
Electrochemical impedance spectroscopy (EIS), which involves measurement in the frequency domain, is a well-established technique for the identification of interfacial effects involved in the transfer of charge together with the detection of diffusional and electrolyte impedances (Andrade et al., 1999; Ismail and Ohtsu, 2006; John et al., 1981; Montemor et al., 2000; Monticelli et al., 2000; Wenger and Galland, 1990) . The impedance plots contain several time constants. Often portions of one or more semicircles are obtained, depending on the number of time constants involved in the kinetics of the corrosion processes. For example, if the steel in the concrete is strongly influenced by the chloride concentration gradient, the concentration effects can be easily distinguished by the presence of Warburg impedance. Dispersion of the time constant causing depression of the semicircle in the Nyquist plot indicates the presence of a constant phase element. Hence each time constant occurring at the steel-concrete interface is indicated by the presence of a welldefined curve in the Nyquist plot. With all the above advantages, the use of small signals (10-20 mV) in the EIS technique causes minimum disturbance to the rebar surface and can measure the corrosion rate in lowconductivity media such as concrete, whereas direct current (d.c.) techniques are affected by a number of errors.
The objective of the present study is to use the EIS technique to analyse the occurrence of passivation, initiation and uniform severe corrosion in the presence and absence of chloride. The possibility of using the R p value to assess the time to initiation of corrosion is explored. In addition to this, the effect of reaction occurring at the rebar-concrete interface on various other electrochemical parameters such as 'AE' values, double layer capacitance and phase angle is also discussed.
Experimental method

Materials and mix proportions
Three mix proportions of concrete with a design compressive strength of 20, 30 and 40 MPa at 28 days Vedalakshmi and Palaniswamy were used for casting the concrete specimens. The details of mix proportions are given in Table 1 . The mix proportions were kept constant for both blended cement concrete and Portland cement concrete. Three cements were used, namely ordinary Portland cement (OPC) conforming to Bureau of Indian Standards BIS 8112 (BIS, 1989a) and equivalent to ASTM type I cement, Portland pozzolana cement (PPC) conforming to BIS 1489, Part 1 (BIS, 1991) and Portland slag cement (PSC) conforming to BIS 455 (BIS, 1989b) . The chemical compositions of the cements used are presented in Table 2 . Well-graded river sand and good-quality crushed blue granite were used as fine and coarse aggregates respectively. The different size fractions of coarse aggregate (20 mm downgraded and 12 . 5 mm downgraded) were taken and recombined to a specified grading. Cold twisted high-yield strength deformed bar (Fe-415 grade) conforming to BIS 1786 (BIS, 1985) , with a diameter of 16 mm was used and its chemical composition was carbon (C) 0 . 17%; manganese (Mn) 0 . 66%; silicon (Si) 0 . 115%; sulfur (S) 0 . 017%; phosphorus (P) 0 . 031; and iron (Fe) balance. Potable water was used for casting the concrete specimens.
Specimen preparation
150 3 150 3 150 mm sized concrete cubes as shown in Figure 1 were cast. Cold twisted deformed (CTD) rods 100 mm long and 16 mm in diameter were taken and pickled in inhibited hydrochloric acid solution to remove the initial rust product. In each specimen, three rods of similar dimensions were embedded at 25 mm cover from one side of the specimen. For electrochemical measurement, copper wire was brazed at one end of a particular rod and that was sealed. Impedance measurement was carried out over an exposed length of 8 cm and the remaining area was sealed using epoxy compound. For determining the corrosion rate from the weight loss measurement, another two rods were Analysis of the electrochemical phenomenon at the rebar-concrete interface Magazine of Concrete Research, 2010, 62, No. 3 embedded near the previous one, as shown in Figure 1 . Before embedding, the initial weight of the rods was recorded. In one set of specimens, no chloride (0%) was added to the concrete and in another set of specimens, 0 . 5% and 1% of sodium chloride by weight of cement was added at the time of casting. While casting, all the three rebars were embedded vertically with a 25 mm cover from the top and bottom. Four specimens were cast for each grade/cement. All of the specimens were cured at room temperature for 28 days in potable water.
Exposure condition
After 28 days of curing, the specimens were exposed in the exposure yard. Synthetic seawater was prepared as specified in ASTM D-1141-98 (ASTM, 2001b). Synthetic seawater was sprayed horizontally using a spray gun once per day for five days on one side of the specimen and then the specimen was air dried for the next two days. Thus seven days constituted one cycle of wetting and drying. All the specimens were subjected to similar exposure conditions. This test procedure simulates the atmospheric exposure of concrete structures in a marine environment. The temperature, relative humidity and other parameters prevailing at the exposure site are given in Table 3 . As the exposure site is situated more than 2 . 5 km from the sea, the atmospheric salinity at the exposure site is lower than at the coast, so it was necessary to resort to periodic salt spray. The experiment was conducted over a period of 1765 days. Periodically, the concrete specimens were broken open and the rods were visually examined for the extent of rust. After pickling the rebars in inhibited hydrochloric acid as specified in ASTM G1-03 (ASTM, 2001c), the final weight was measured. From the initial and final weight, the corrosion rate in ìm/ year was calculated as Corrosion rate in ìm=year ¼ 87 600w
where w is the loss in weight (mg); D is the density of iron (g/cm 3 ); A is the area (cm 2 ); and T is time (h).
Method of measurement
Polarisation resistance. The potential of the rebar was measured periodically using a high-input impedance multimeter. A saturated calomel electrode was used as the reference electrode. Impedance measurement was made using three electrode arrangements. A stainless steel electrode of size 10 mm 3 80 mm was used as an auxiliary electrode and the saturated calomel electrode was used as the reference electrode. Rebar embedded in concrete acted as a working electrode. The electrode assembly was kept on a wetted sponge. The length of the counter electrode is more than the exposed length of the rebar and, by means of this, current was distributed uniformly throughout the length of the rebar. Chloride solution was used as a contacting solution to reduce the contact resistance between the electrode assembly and the concrete. A small sinusoidal voltage signal of 20 mV was applied over a frequency range of 100 kHz to 10 mHz using a computer-controlled electrochemical analyser (Model 6310 from E G & G Instruments, Princeton Applied Research). Measurements were made periodically at the end of 80, 267, 540, 1135 and 1765 days. The impedance values were plotted on the Nyquist plot. From the Nyquist plot, using the software 'z view', the concrete resistance (R c ) and polarisation resistance (R p ) were determined by extrapolating the highfrequency arc (100 kHz-100 Hz) and the low-frequency arc (100 Hz-10 mHz) respectively. From the Bode plot, the phase angle at the frequency of 10 mHz was recorded. Calculation of AE values and double layer capacitance (C dl )
In EIS experiments, the capacitors often do not behave ideally. Instead, they act like a constant phase element (CPE), as shown in an equivalent circuit presented in Figure 2 . The impedance of a capacitor has the form
where C is the capacitance and AE is the exponent for CPE impedance due to the depressed semicircle. For a CPE the exponent AE is less than 1. The double layer capacitance on the real axis often behaves like a CPE. A clockwise rotation of the ideal semicircle in the Nyquist plots over an angle (1 À AE) ð/2 suggests the action of CPE. This is shown in Figure 3 . From the depression angle, the AE value was calculated. According to the literature (Bohnke et al., 1993; Rammelt and Reinhard, 1995 ) the charging of a discontinuous and inhomogeneous interface leads to a CPE-like response. A response of this type in the steel-concrete system is therefore to be expected both as a result of the lack of surface homogeneity of the rebar (e.g. surface roughness and distribution of isolated reaction zones) and of the eminently heterogeneous nature of the concrete. Hence, in the equivalent circuit as shown in Figure 2 , the CPE has been introduced. The CPE may be viewed as resembling a capacitor-resistor series combination in which both components have frequency-dependent values. With the introduction of a CPE as a replacement for the capacitor in EIS measurements, the C dl values obtained from the Nyquist plot have been corrected using the following formula (Jovic and Jovic, 2003)
where ø9 max represents the frequency of the maximum on the ÀZ0 against ø dependence, which is independent of the exponent AE, whereas A dl represents the result of fitting of the Nyquist plot.
Results
Slope of the low-frequency arc Passive condition of the rebar. Invariably in all the Nyquist plots obtained ( Figure 4 , and later Figures 6 and 8) two arcs are present. One at the highfrequency region (100 kHz-100 Hz) and another one at the low-frequency region (100 Hz-10 mHz). A frequency above 1 Hz reflected mainly the conductance properties of the concrete and was hardly influenced by the charge transfer resistance of the rebar. Hence the changes occurring at the steel-concrete interface can be easily distinguished from the changes in the low-frequency curve. By extrapolating the lowfrequency curve as a straight line to the real axis, the slope of the curve was obtained. Analysis of the electrochemical phenomenon at the rebar-concrete interface Magazine of Concrete Research, 2010, 62, No. 3 From Table 4 , it can be seen that initially when the rebar is in the passive condition -that is, up to the period of 80 days -the slope of the low-frequency arc varies from À0 . 72 to À3 . 72. Due to the presence of large and non-ideal apparent interfacial capacitance at the steel-concrete interface, surface inhomogeneity on the rebar (ribbed bar) and the heterogeneous nature of concrete, the double layer capacitance of rebar behaves like a constant phase element (CPE) instead of like a pure capacitor (Sagues et al., 1995) . From Table 4 , it can be seen that at the end of 80 days, in almost all the cases except M20-OPC 1% Cl À added concrete, the slope of the curve is greater than À1 and confirmed the presence of the CPE. From the analysis, the assumed equivalent circuit is given in Figure 2 and the corresponding Nyquist plot is given in Figure 4 . From the figure, it can be seen that the slope of the low-frequency arc in the frequency range 3 Hz-10 mHz is À2 . 08, À2 . 2 and À2 . 7 in M40 OPC, PPC and PSC concrete respectively. This represents the non-ideal capacitance behaviour of rebar in 40 MPa concrete when the rebar is under the perfect passive condition. A higher slope indicates that the passivation of the rebar is higher. Compared with 20 MPa concrete, in 30 and 40 MPa concretes, the values are higher. Due to the higher cement content and the reduced water-to-cement (w/c) ratio in 30 and 40 MPa concretes, the availability of alkalinity at the steel-concrete interface is higher and the chloride is lower, thus complete passivity is established. Pruckner (2001) reported that the hydroxide (OH À ) ions concentration in the pore solution varied from 158 . 5 mM/l to 501 . 20 mM/l if the w/c ratio was varied from 0 . 7 to 0 . 4. The passive behaviour of rebar in these concretes is not changed up to the presence of 1% chloride near the rebar. The high alkalinity of cement paste offers satisfactory protection against corrosion owing to the existence of a self-generating protective layer ª-ferric oxide (ª-Fe 2 O 3 ) at the steelconcrete interface. This protective layer occurs during the initial stages of cement hydration and grows with time up to 80 days. As reported in the literature, the passive layer grows to a thickness of the order of 10 À3 -10 À1 ìm and is rich in lime content (Sagoe-Crentisil and Glasser, 1989) . This adherent surface film maintains the perfect passive condition in the presence of up to 1% of added chloride.
Active condition of the rebar. The diffusion of chloride means that the rebar attains an active state and in this state two conditions are possible: one is when the chloride ions reach the threshold value and they break the passive film, when corrosion initiates on the rebar; the other is that, with time, corrosion spreads uniformly throughout the rebar surface. At the initiation of corrosion, the rebar is under mixed kinetic and diffusion-controlled reaction, and Warburg impedance (WI) is possible, whereas at uniform corrosion only the corrosion process is possible. The assumed equivalent circuits and the corresponding Nyquist plots for the above two conditions are given in Figures 5 and 6 and Figures 7 and 8 respectively.
In Figure 6 it can be observed that, when compared with Figure 4 , the slope of the curve slowly decreases With time, if corrosion spreads throughout the rebar uniformly, then the slope of the curve decreases further and reaches less than À1, as shown in Figure 8 . The slope at the end of 1135 days (active condition) is compared in Table 4 . From the table it can be seen that the slope of the curve embedded in 20 MPa 0% Cl À added concrete as given in Figure 8 is À0 . 23, À0 . 63 and À0 . 23 in OPC, PPC and PSC concretes respectively. It is evident that the slope is less than À1 and indicates that the reaction is a Faradaic corrosion process with the rate depending on the mass transfer control. Hence the assumed equivalent circuit as given in Figure 6 consists of R p and C dl only. Due to the reduced rate of corrosion, the slope is higher in 30 and 40 MPa concretes compared with that of 20 MPa concrete. Compared to OPC concrete, the slope values are higher in PPC and PSC concretes. Reduced rate of diffusion of chloride due to the densification of pore structure by the pozzolanic reaction and the higher chloride binding ability are contributing to the reduction of corrosion rate of PPC and PSC concretes. Similarly, Montemor et al. (2000) also reported that the slope of the curve obtained in the Bode plot seems to reflect the charge transfer resistance of the rebar and it was not affected by the resistance of the concrete. From the figures it can be seen that up to the period of 80 days, when the rebar is in the passive condition, the AE values vary from 0 . 7 to 0 . 85, which are of the same order as those found by Sagues et al. (1995) for steel in concrete. Compared to OPC concrete, the AE values are higher in PPC and PSC concretes in all the three strengths of concrete. Up to 540 days, in the presence of 1% of chloride, the AE values are higher in 30 and 40 MPa concrete than in 20 MPa concrete. After 540 days of exposure in 30 and 40 MPa with 1% chloride added concrete, the AE values are decreased and found to be in the range 0 . 67-0 . 24, whereas in the case of 20 MPa OPC concrete, the values are less than 0 . 67 right from the initial stage onwards. The rust product formed on the rebar surface increases the surface roughness and this might have decreased the AE values.
Double layer capacitance (C dl )
In the Nyquist plot, R p and C dl are a pair of 'measured' values obtained throughout the fitting process and they have overall effects on the rebar surface corrosion Analysis of the electrochemical phenomenon at the rebar-concrete interface Magazine of Concrete Research, 2010, 62, No. 3 kinetics. The C dl value here is an overall capacitance containing a double layer capacitance and a pseudocapacitance associated with adsorption of species such as chloride, oxygen and hydroxyl ions on the rebar surface. In the present study this has been related qualitatively to the adsorption/desorption of chloride at the steel-concrete interface. As the concrete specimens were exposed under a chloride environment, chloride is the only aggressive ion responsible for the rate of activation of the corrosion process. If the C dl value is less than 500 ìF/cm 2 , then adsorption of chloride ions is less and the rebar is able to maintain its passive condition. If the C dl value is greater than 500 ìF/cm 2 then this indicates that the rebar is in the active condition. Similarly Gu et al. (1997) reported that the C dl value of rebar embedded in 0% Cl À added concrete was 78 . 5 ìF/cm 2 and increased to 1988 ìF/cm 2 in 4% Cl À added concrete. The corrected C dl values after introducing the CPE using Equation 3 are given in Tables 5 and 6 .
Passive condition of the rebar. Table 5 compares the C dl value with time in 40 MPa concrete up to the period of 540 days. In 40 MPa concrete, in most of the cases the C dl values are less than 500 ìF/cm 2 . The data emphasise that the smaller amount of adsorption of free chloride ions at the steel-concrete interface owing to higher chloride binding ability of PPC and PSC concrete reduced the C dl values compared with that of OPC concrete. In addition, the formation of additional calcium hydrates in blended cement concretes may provide certain inhibitive effects on the rebar (Glass and Buenfield, 1999; Glass et al., 2000; Sergi and Glass, 2000) and also increase the thickness of the passive layer formed (Montemor et al., 1998) . Owing to these reasonable factors, the passivation of rebar is higher in blended cement concretes than for OPC concrete. From the C dl values, however, the breakdown of passivity could not be detected precisely. For example, the C dl value for the curves shown in Figure 6 is also in the range 60-564 ìF, as observed in the passive state, and thus is not 0  80  267  540  0  80  267  540  0  80  267  540   40 MPa OPC  561  421  387  413  1079  630  42  211  237  272  161  324  40 MPa PPC  61  69  102  206  79  74  70  189  112  403  141  364  40 MPa PSC  61  73  85  15  83  62  67  82  65  58  286  240 Vedalakshmi and Palaniswamy able to indicate the state of transition from passivation to initiation of corrosion.
Active condition of the rebar. From Table 6 , it can be seen that after 267 days of exposure in both 20 and 30 MPa OPC concretes, the values are greater than 1000 ìF right from the initial stage, which indicates severe corrosion of the rebar. Similar values have been reported by others on rough or pre-rusted rebar surfaces (Dawson, 1983; Sagues, 1993) .
Polarisation resistance (R p ) Figure 10 compares the R p of the rebar at three stages of the corrosion process in 20 MPa concrete. When the rebar is in the passive state, the R p value of the rebar is greater than 250 kÙ cm 2 , and the value falls to less than 230 kÙ cm 2 when corrosion initiates on the rebar. The value decreases to a very low value of less than 14 kÙ cm 2 when corrosion spreads uniformly on the rebar surface. In the case of PPC and PSC concrete, the R p values are a minimum of three times higher than that of OPC concrete at each stage of the corrosion process. A similar trend is also observed in 30 and 40 MPa concretes.
Phase angle
As in the case of the R p values, the decrease of the maximum absolute value of phase angle of the rebar has been used to describe the degree of surface corrosion of steel (Mansfeld and Shih, 1988; Mansfeld et al., 1987 Shih and Mansfeld, 1989) . The decrease of the absolute phase angle is attributed to the decrease of corrosion resistance of the rebar in concrete in the presence of chloride (Gu et al., 1994) . From the Bode plots given in Figures 11 and 12 , the maximum phase angle is observed at 10 mHz. The phase angle is at a maximum when the rebar is in the passive state in 40 MPa 0% Cl À added concrete ( Figure 11 ) and at a minimum when the rebar reaches an active state in 20 MPa 0% Cl À added concrete ( Figure 12 ). Analysis of the electrochemical phenomenon at the rebar-concrete interface Magazine of Concrete Research, 2010, 62, No. 3 
Discussion
R p value versus corrosion rate from weight loss Figure 13 compares the Nyquist plot of rebar at three stages of corrosion in 30 MPa 0% Cl À added PSC concrete. From the curve it can be seen that the slope of the low-frequency arc decreases from À2 . 54 to À0 . 20 from the passive to the active state of rebar and it is also shown that the strong decrease of the capacitive part of the impedance response is correlated with the initiation of corrosion. Similarly, from the Bode plot ( Figure 14) it is evident that the phase angle is 148, 238 and 48 at passive state, initiation of corrosion and severe corrosion of rebar, respectively. Table 8 compares the potential and the R p value of the rebar with the corrosion rate from the weight loss measurement. Until the exposure period of 540 days, when the rebar is in the passive condition, the potential value is À226 mV versus SCE, which is less than À276 mV versus SCE as specified in ASTM C876. As there are no rust spots on the rebar, the R p value is 4944 kÙ cm 2 and the corresponding corrosion rate of 0 ìm/year from weight loss measurement confirms that the rebar is in the passive state. At the end of 1135 days of exposure when corrosion initiated on the rebar, the potential value of the rebar is À383 mV and the corresponding R p value is 442 kÙ cm 2 , which is ten times lower than the value obtained for the passive condition. The corrosion rate from weight loss measurement is 1 ìm/year. As per the correlation established between the corrosion rate and the degree of corrosion by Martinez et al. (2008) , the corrosion rate value of 1 ìm/year is defined as a low corrosion rate. After 1765 days of exposure, when the rebar attains severe corrosion, the potential value is À284 mV and the R p value is 32 kÙ cm 2 . The Vedalakshmi and Palaniswamy corresponding corrosion rate from the weight loss measurement is 25 . 3 ìm/year, which is defined as a high corrosion rate. Khatri et al. (2004) also reported the similar observation that if the R p value is in the range 10-60 kÙ cm 2 then there is a significant amount of corrosion on the rebar. It is sometimes difficult to establish a boundary between the state of activity and concentration polarisation (possibly attributable to chloride or oxygen) only on potential values. In such a situation, the evolution of impedance spectra can be useful in the determination of the state of the rebar.
Role of blended cements with respect to time to initiation of corrosion of the rebar. The time at which the rebar attained an R p value of < 230 kÙ cm 2 has been taken as time to initiation of corrosion (T i , :Rp ). Table 9 compares the T i from the R p value with the T i from the potential measurement (T i,,p ). T i predicted by T i,,p is lower than that of T i , :Rp in most of the cases, except that of 20 and 30 MPa OPC concretes. The accuracy of T i , :Rp was checked by measuring the corrosion rate at the end of T i , :Rp and the values are given in Table 9 . The values are > 1 ìm/year and are defined as a low corrosion rate, indicating that the corrosion initiated on the rebar. The presence of chloride and moisture movement in the cover concrete influences the measured potential values and this may cause a greater shift in potential in the negative direction than the actual potential value of the rebar; because of this T i was underestimated by T i,,p . Khatri et al. (2004) also reported that the polarisation resistance is a much more useful and reliable technique in service life evaluation than the half-cell potential. From the table it is also observed that T i is delayed in PPC and PSC concretes. T i in PPC and PSC concretes is 15 times higher than that of OPC concrete for 20 MPa; 11 and 14 times higher for 30 MPa; and three times higher for 40 MPa concrete respectively. The data emphasise that the additional calcium hydrates present in the blended cements (Vedalakshmi et al., 2003) increase the tortuosity of the concrete and reduce the chloride diffusivity. This means that the time taken to the occurrence of depassivation has been increased considerably in blended cements concrete. In addition to this, the aluminium oxide (Al 2 O 3 ) content of PPC and PSC is 9-11%, which is twice as high as the value for the OPC. The chloride ion binding capacity determined by the standard method (Vogel, 1974) in 1% chloride contaminated concrete is given in Figure 15 . From the figure it is clearly evident that, compared to OPC concrete, the chloride ion binding capacity is greater in PPC and PSC concrete in all the three grades of concrete. Higher aluminium oxide content binds a greater amount of chlorides (Dhir et al., 1996; Pruckner, 2001 ) and a larger number of chloride ions were trapped in the interlayer of additional calcium silicate hydrates formed in the concrete matrix. The above factors contributed to reducing the availability of free chlorides near the rebar level and thus delayed the initiation of corrosion of rebar in blended cement concretes.
Conclusions
(a) From the EIS spectra, the change in the slope of the low-frequency arc gives the status of the rebar more distinctly than potential measurement. If the slope is greater than À1, the rebar exhibits purely capacitive behaviour and this denotes it is in the Analysis of the electrochemical phenomenon at the rebar-concrete interface Magazine of Concrete Research, 2010, 62, No. 3 perfect passive condition. The rebar in PPC and PSC concretes (0% Cl À added) has a slope greater than À2, confirming that the passivation of the rebar is higher than that of OPC concrete. (b) If the slope is equal to À1, the rebar is under mixed kinetic and diffusion control. If the diffusion species are chloride and oxygen then they initiate the corrosion on the rebar. Depending on the rate of diffusion of chloride and the availability of hydroxyl ions, the time taken to initiation of corrosion (T i ) is delayed. Compared to OPC concrete, in PPC and PSC concrete, T i is delayed by a minimum factor of 310 in 20 and 30 MPa concretes and 33 in 40 MPa concrete respectively. (c) If the slope is less than À1, the rebar is under charge transfer control and, depending on the rate of charge transfer, the corrosion spreads uniformly throughout the rebar and attains the severe corrosion state. (d ) The increase in double layer capacitance . 500 ìF/cm 2 indicates a higher adsorption of chloride at the steel-concrete interface. If the value is . 1000 ìF/cm 2 , then this indicates severe corrosion on the rebar. Under the perfect passive condition, the values are less than 100 ìF/cm 2 . Compared with OPC concrete and PPC concrete, the rebar in PSC concrete shows C dl values that are less than 100 ìF/cm 2 and maintains the passive condition up to the period of 540 days in the presence of 0 . 5% chloride. (e) R p values from the Nyquist plot can predict the state of transition from the passive condition to initiation of corrosion quantitatively. If the R p value is , 230 kÙ cm 2 then this indicates the initiation of corrosion. In this state, depending on the w/c ratio of the concrete, the type of cement used and the availability of alkalinity, and chloride at the steel-concrete interface, the R p value varies from 60 to 230 kÙ cm 2 . When the rebar attains the severe corrosion condition, the R p value is , 14 kÙ cm 2 , which causes cracks on the concrete surface. Under the perfect passive state, the R p value is greater than 250 kÙ cm 2 . At each stage of the corrosion processes, the R p value of the rebar in PPC and PSC concrete is three times (as a minimum) higher than that of OPC concrete in all the three concretes studied.
